Measures of dietary patterns have been increasingly used to capture the complex nature of dietary intake. Few studies have investigated the impact of specific dietary patterns on bone health. Areal bone mineral density (BMD) at the lumbar spine and total hip and total body bone mineral content (BMC) were measured using DXA in Australian women aged 18-65 y (n = 527). Dietary patterns were assessed using a 4-d food diary and factor analysis. Scores were calculated based on the amount of each food consumed in the pattern and the weightings determined by factor analysis. Analysis was conducted using generalized estimating equation methods. Factor analysis revealed 5 dietary patterns. Pattern 1 (high consumption of refined cereals, soft drinks, fried potatoes, sausages and processed meat, vegetable oils, beer, and takeaway foods and low consumption of other vegetables, vegetable dishes, tea, coffee, fruit, wholegrain breads, and breakfast cereals) were significantly inversely associated with total body BMC (g) [b = 215.4 (95% CI 227.4, 23. 3), adjusted for age, height, physical activity, smoking, education, energy, and calcium intake]. Pattern 4 (high consumption of legumes, seafood, seeds, nuts, wine, rice and rice dishes, other vegetables, and vegetable dishes and low consumption of bacon and ham) were directly associated with BMD at both sites and total body BMC in adjusted models [BMC (g): b = 15.2 (95% CI 2.84, 27.6), fully adjusted model]. The remaining dietary patterns were not consistently associated with BMD or BMC. This study identified specific dietary patterns associated with BMD and total body BMC among women and provides evidence that will contribute to potential food-based strategies for improving bone health.
Introduction
A substantial increase in the rates of osteoporosis and fractures has been predicted with the increase in the aging population worldwide (1). Osteoporosis is a major cause of morbidity and mortality in the elderly and is associated with considerable direct and indirect healthcare costs (1) , with population ageing likely to lead to a substantial increase in fractures (2) . Worldwide, fractures due to osteoporosis affect ;1 in 3 women and 1 in 5 men over the age of 50 y, and osteoporotic fracture rates in Australia are estimated at 1 in 2 women and 1 in 3 men over 60 y (3) . Although the potential role of dietary factors in the prevention of osteoporosis has been studied extensively and there is convincing evidence for a role of calcium and calcium combined with vitamin D in reducing fracture risk in older adults, evidence for the role of other dietary factors is generally still lacking. Some evidence currently suggests a possible role for fruits and vegetables in maintaining bone density (2) .
Measures of total diet or dietary patterns are increasingly the focus of nutritional epidemiology in recognition of the complexity of dietary exposures, the potential role of multiple dietary components, and their interactions in health and disease. Several approaches to determining dietary patterns exist, including factor analysis, cluster analysis, and reduced rank regression, with factor analysis the most commonly used in the literature.
Dietary patterns have been shown to be associated with a number of chronic diseases, including cardiovascular disease and diabetes (4) , but few studies have investigated the impact of specific dietary patterns on bone health. One recent retrospective cohort study in Canada (5) demonstrated that a nutrient-dense dietary pattern including fruit, vegetables, and whole grains was associated with a reduced risk of fracture in men and women. Similarly, Tucker et al. (6) investigated dietary patterns among men and women aged 60-93 y in a subset of the Framingham cohort and found that a dietary pattern rich in fruits, vegetables, and cereals was associated with higher bone mineral density (BMD), whereas a dietary pattern high in confectionary was associated with the lowest BMD. Among Greek women, Kontogianni et al. (7) found that a dietary pattern characterized by fish, olive oil, and low intake of red meat was associated with higher BMD, although compliance with a Mediterranean dietary pattern assessed using an a priori scoring approach was not associated with BMD. Langsetmo et al. (8) identified an energy-dense pattern and a nutrient-dense pattern with mixed associations with BMD according to age and sex. It is therefore important to clarify the prevailing dietary patterns that may be related to bone health. The aim of the present study was to examine the association between dietary patterns measured using food records and factor analysis methods and measures of bone health in a sample of Australian women aged 18-65 y.
Methods
Participants. Data in this study were drawn from a volunteer sample of 683 women aged 18-68 y who participated in the Twin and Sister Bone Research Program at Royal Melbourne Hospital, most of whom were recruited via the Australian Twin Registry and resided in Melbourne and surrounding areas of the state of Victoria, Australia (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) . The sample included 220 twin pairs (94 monozygotic and 126 dizygotic), 102 individuals (nonpaired/clustered, 33 monozytic, and 69 dizygotic), 61 sister pairs, 5 clusters of 3 sisters and 1 cluster of 4. Eleven participants were excluded from data analysis, because they had an excessively extended period (.10 mo) between food data collection and physical measurements. A further 36 participants were excluded, because they had potentially underreported dietary intake (a ratio of the mean of 4-d energy intake:basal metabolic rate ,0.8). Of 636 eligible participants, 527 participants had complete data on bone mineral status, dietary intake, smoking habits, and physical activity. The study was approved by the Royal Melbourne Hospital Clinical Research and Ethics Committee and the Australian Twin Registry. All participants gave written informed consent.
Bone density and body composition. BMD (g/cm 2 ) at the lumbar spine (L2-L4), total hip, and forearm were measured from site-specific scans using DXA with a QDR 1000W instrument (Hologic) in accordance with the manufacturer's instructions. Total body bone mineral content (BMC; g) and total soft tissue composition (fat mass and nonbone lean mass; kg) were measured from a total body DXA scan using Hologic software (version 6.10). The reproducibility measured as the CV for lumbar spine BMD and total hip BMD using spinal and femoral phantoms at this center was 0.5 and 0.7%, respectively. In vivo reproducibility in adult volunteers was 0.6% for total body BMC, 1.8% for fat mass, and 0.8% for lean mass (9) .
Dietary intake. Dietary intake was assessed using a 4-d food diary in which participants were asked to record information over consecutive days on their food and beverage intake utilizing household measures. Participants provided brand names of food products, food preparation methods, and any recipes used. Food and beverage intake from the food diary was coded and analyzed using Foodworks (Foodworks, Professional Edition, version 4.0 Xyris Software) (10,11) to calculate food and nutrient intakes.
All foods and beverages consumed were allocated to 1 of 46 individual food groups. Food groupings were devised to create mutually exclusive groups taking into consideration the types of food commonly consumed in Australia. Guidance on the allocation of foods to the groups was sought from previously published work and existing advice on the development of food groups (12, 13) . The list of food groups used in data analysis is shown in Supplemental Table 1 .
Covariates. Lifestyle factors were assessed by interviewer-administered questionnaires to twins at each visit (14-16). Lifetime smoking was expressed in terms of pack-years, which was the mean number of cigarettes per day multiplied by the number of years smoking and divided by 20 (17) . Participants were also asked to report their lifetime physical activity history. Each participant was asked to indicate the number of hours per week (0-1, 2-3, 4-7, or .7 h) they spent walking (nonoccupational) and playing sport during each 5-y period of their life, starting from 5-9 y until they turned 30 y old and then during each 10-y period, starting from 30-39 y. Similar to the calculation of pack-year for cigarette smoking, the lifetime physical activity level was calculated as the cumulative hours spent walking or playing sport since they were 5 y old. The extent of lifetime physical activity was expressed as hour-year, and 1 hour-year is defined as 1 h spent playing sport or walking per week for 1 y. Lifetime physical activity provides an indicator of the cumulative influence of physical activity on bone density (18, 19) . Height was measured to the nearest 0.1 cm on a wall-mounted stadiometer, and weight was measured on a balance scale to the nearest 0.1 kg. Menopausal status was determined by questionnaire. Women were classified as postmenopausal if 1 or more years had elapsed since their last period unless there was some other cause. Those over the age of 55 y having had a hysterectomy and who were unaware of their ovarian status were also classified as postmenopausal (n = 3). Education level was based on the age when participants left school. For those who had not left school (n = 39), the median value of 17.0 was used.
Statistical analysis. Dietary patterns were derived using factor analysis based on weight of food consumed (grams) with factor loadings extracted using the principal component method and varimax rotation using food intake data from the 4-d food diaries. The number of dietary patterns identified was based on eigenvalues . 1.25, identification of a break-point in the scree plot, and interpretability (20) . Items were considered to load on a factor if they had an absolute correlation . 0.20 with that factor and were retained in the calculation of the dietary pattern score, because these items represent the foods most strongly related to the identified factor. If foods loaded highly (factor loading . 0.20) on more than 1 pattern, they were included in only the pattern where they were most strongly correlated (unless the direction of the factor loading was opposite). Foods that had absolute correlations , 0.20 were not included in the dietary pattern score calculation (21) . Dietary pattern scores were calculated using the weight in grams of each food consumed and the weightings determined by the factor analysis. Dietary pattern scores were categorized using quintile cut-points.
Analysis was conducted using the GENMOD procedure with generalized estimating equation methods. Adjustment was made to account for the correlation between twin and sister pairs, because data collected within the same pair or cluster of twins or sisters tended to be highly correlated. Failure to account for the correlation in the data may result in underestimating the SE and artificially low P-values. Only those covariates associated with both the dietary patterns and bone health were included in the adjusted models. In addition, models were adjusted for height as a measure of body size as recommended (2) . We also adjusted for calcium intake to assess the effects of the dietary patterns independent of calcium intakes. The parameter estimate for each predictor variable is interpreted as the change (either an increase if the value is .0 or a decrease if the value is ,0) in the predicted value of the health outcome variable for a 1-unit increase in the predictor variable. The predictive power of variables is considered significant if P , 0.05. Statistical analyses were performed with SPSS version 14 software and SAS version 9 (SAS Institute).
Results
Data were available for 527 women aged 18-65 y (Supplemental Table 2 ). We identified 5 dietary patterns among the women in this sample ( Table 1) . Dietary pattern 1 was characterized by high consumption of refined cereals, soft drinks, fried potatoes, sausages and processed meat, vegetable oils, beer, and take-away foods and low consumption of soy products, other vegetables and vegetable dishes, tea and coffee, fruit, and wholegrain
Dietary patterns and bone health 1517 breads and breakfast cereals. In dietary pattern 2, foods with high positive loadings included vegetables (potatoes, carrot, peas, and beans, brassica vegetables, zucchini, and squash), red meat, butter, and cream, and negative loadings for pasta and pasta dishes and take-away foods. Dietary pattern 3 was characterized by high consumption of leafy vegetables, tomato and tomato products, milk and yogurt (,1% fat), fruit, cheese, eggs, and fish and low consumption of cakes, biscuits, and other baked sweet products, butter, and cream. Dietary pattern 4 consisted of highfactor positive loadings for legumes, seafood, seeds and nuts, wine, rice and rice dishes, and other vegetables and vegetable dishes and negative loadings for bacon and ham. Dietary pattern 5 consisted of high consumption of chocolate, confectionary, and added sugar, fruit drinks and cordials, and dairy milk and yogurt (.1% fat) and low consumption of fruit and vegetable juices, poultry, wine, spirits, and other alcoholic beverages.
The dietary patterns demonstrated associated with a number of socio-demographic and lifestyle factors ( Table 2) . Dietary pattern 1 was inversely associated with age and directly or positively associated with smoking status and physical activity levels but showed no associations with BMI or education. Dietary pattern 2 was directly associated with age, BMI, and physical activity and demonstrated no significant associations with education and smoking. Only age was associated with dietary pattern 3, with higher consumption associated with higher age. Higher consumption of dietary pattern 4 was associated with an older age and a greater percentage of smokers, but there were no significant associations with BMI, education, or physical activity. Dietary pattern 5 was significantly inversely associated with smoking only.
Dietary pattern 1 was significantly inversely associated with total body BMC even after adjustment for age, height, energy intake, other lifestyle behaviors (physical activity and smoking), education, and calcium intake. The fully adjusted model indicated that each quintile increase in consumption of dietary pattern 1 was related to an ;0.7% lower total body BMC ( Table  3) . Dietary pattern 4 was consistently directly associated all 3 bone sites measured, and this association was significant in the adjusted models, with each quintile increase associated with a higher bone density at the hip of 0.2%, 0.3% at the spine, and 0.6% with total body BMC. An inverse association was evident between dietary pattern 5 and spine BMD (;0.2%) in only the fully adjusted multivariable model, which included dietary calcium. There were no significant associations between dietary patterns 2 or 3 and total body BMC, hip BMD, or spine BMD. Further adjustment for menstrual status did not affect the results (data not shown). Table 4 shows the associations between the 2 dietary patterns that were found to be associated with bone mineral measures and the corresponding nutrient intakes. Dietary pattern 1 was inversely associated with percentage energy from carbohydrate and with percentage energy from protein, fiber, calcium, magnesium, phosphate, folate, and b-carotene, and was directly associated with percentage energy from fat and MUFA fats. Dietary pattern 4 was inversely associated with percentage energy from protein and percentage energy from fat and was directly associated with PUFA, fiber, calcium, magnesium, phosphate, folate, and b-carotene.
Discussion
We identified 5 distinct dietary patterns in this sample of women. We found that a dietary pattern characterized by high consumption of high energy, nutrient-poor foods such as refined cereals, 
for total hip BMD to 0.6% for total body BMC (fully adjusted model) for each quintile increase in dietary pattern score. The effect of these dietary associations is important in the context of nonmenopausal, age-related bone loss, which has been estimated to be~0.25%/y (22) . We identified a dietary pattern characterized by high-energy, nutrient-poor foods similar to the Western pattern identified in other studies of dietary patterns and chronic disease (4). There is little published research specifically documenting the effects of dietary patterns high in energy-dense, nutrient-poor foods on bone health and the existing findings are mixed. Langsetmo et al. (8) identified a pattern similar to ours (soft drinks, potato crisps, French fries, processed meats, and desserts) and showed small (7), who investigated dietary patterns among 196 Greek women using 3-d food records and principle components analysis. They found that a dietary pattern characterized by high consumption of fish and olive oil and low intake of red meat was directly associated with lumbar spine BMD and total body BMD. However, when they used a Mediterranean Diet Score based on 9 food components to assess dietary intake, adherence to the Mediterranean diet was not related to indices of bone mass. They postulated that because dairy products are included in the Mediterranean Diet Score as a negative component, this score may not be appropriate for assessment of risk of osteoporosis (7) . Further support for the positive role of the Mediterranean diet in the maintenance of bone mass is the study by Seiquer et al. (26), who demonstrated that adherence to a Mediterranean diet pattern led to increased calcium utilization through decreases in both urinary calcium excretion and higher calcium retention among adolescents.
In contrast to our findings, Langsetmo et al. (8) did not find any consistent relationship between a nutrient-dense dietary pattern and BMD among postmenopausal women, although it did show a relationship with fracture risk among older women (.70 y) (5). In the study by Tucker et al. (6) , men in the fruit, vegetables, and cereal group had the highest BMD, but there was no significant association among women. In the study by Okubo et al. (24) , a dietary pattern including fish, fruits, and vegetables that was low in meat and processed meat was associated with higher BMD in premenopausal women. Our sample was largely composed of premenopausal women (80%), which may in part explain our ability to detect associations between dietary patterns and bone health measures if these dietary pattern effects are not as evident in older women. Components of the nutrient-dense dietary pattern, notably fruits and/or vegetables, have also been shown in other studies to be associated with BMD (6, (27) (28) (29) . Fruits and vegetables have a negative potential renal acid load, which may be important for bone health (30) . Other components of fruits and vegetables such as antioxidants and antiinflammatory compounds, e.g. vitamin C and b-carotene, may also benefit bone health (31) (32) (33) .
Potential mechanisms for these associations are uncertain; however, it has been shown that dietary patterns such as the Western dietary pattern identified in the Nurses' Health Study and those high in fats, processed meat, and other high-energy foods similar to dietary pattern 1 in our study were directly associated with inflammatory markers such as C-reactive protein and IL-6 (34-40). Conversely, Mediterranean dietary patterns have been shown to reduce circulating levels of these inflammatory markers (41) . Inflammatory markers such as C-reactive protein and IL-6 have previously been shown to be associated with low BMD and increasing bone loss (42) (43) (44) .
Further research is required to establish whether this is the relevant pathway underlying these dietary patterns. It is of interest that the adverse association of dietary pattern 1 with total body BMC and the beneficial association of dietary pattern 4 with total body BMC, as well as hip and spine BMD, were not altered by adjusting for dietary calcium, indicating that the dietary pattern association was independent of any calcium effect of these dietary patterns, which were relatively low in dietary calcium and did not include dairy products. It appears that at lower calcium intakes of less than the recommended intake of 1000 mg/d (45), other dietary factors are stronger predictors of bone density. Of note, dietary pattern 5, which also consisted of high intakes of some energy-dense foods but included dairy foods (. 1% fat), also showed an inverse association with spine BMD but only after adjustment for calcium intake.
The relationship between dietary patterns and bone density is complex, because "unhealthy" energy-dense dietary patterns are more common among younger women, who, by virtue of their age, have higher bone densities than older women (46) . This lower BMI could also be coupled with more energy dense dietary pattern due to a higher basal metabolic rate and higher levels of physical activity in younger women. In contrast, older women who have experienced postmenopausal bone loss have lower bone density (46) and higher BMI (due to age-related weight gain), yet are more likely to be following a "healthy" dietary pattern. Measurement and evaluation of all of these opposing factors in terms of bone health is challenging. However, there is increasing interest in the assessment of total dietary patterns and these methods can contribute to the characterization of the complex nature of diets and the large variety of dietary constituents that may affect health. This methodology also has the potential to assess interactions and synergies between different aspects of the diet. There are a number of methods that have been used in the field, including factor analysis and cluster analysis.
Factor analysis is the most commonly used method to date to derive dietary patterns and has the advantage of resulting in the creation of a continuous variable, which can result in increased power to detect diet-disease relationships. Factor analysis uses the variations in food intakes that exist in a population to create factors, or latent variables, which are defined by the foods whose consumption is highly correlated with the factor (20) . This approach describes the patterns of eating that actually exist in the population rather than depending on our a priori conceptions of diet-disease relationships. It can provide useful insights into existing eating behaviors and targets for dietary intervention. Because this approach describes variations in food intakes, foods that are consumed with little variation in the population may appear to be unimportant. It should be noted, however, that if there is little variation in consumption, it will be difficult to detect a diet-disease association and this would need to be evaluated in population groups with varying intakes.
One of the strengths of the current study relates to the dietary assessment method used, because most population studies of dietary patterns have used an FFQ. In the current study, diet was measured using a food diary, which provides detailed information regarding the types of foods and beverages consumed. However, the use of food diaries for the assessment requires the construction of food groups prior to conducting the dietary pattern analysis by the researchers, a potential limitation of this analysis method. However, the food groups assigned were guided by previous research in the field (12, 13, 47) and food consumption patterns in Australia. Our analysis also considered a range of potential confounding factors such as socio-demographic factors (age and education), health behaviors (smoking, physical activity), energy, and calcium intake. The models were also adjusted for height as a measure of body size, which is the recommended approach to body size adjustment (2) . In addition, because our data were collected from twins, all analyses were adjusted for within-pair clustering. However, residual confounding may still be present due to other factors that were not measured in this study or the presence of measurement error in the existing confounders. A further potential limitation of this study is the cross-sectional nature of the study design with only 1 measure of dietary exposure. In summary, we identified 2 dietary patterns that were associated with BMD, a key measure of bone health. High consumption of refined cereals, soft drinks, fried potatoes, sausages and processed meat, vegetable oils, beer, and takeaway foods and low consumption of other vegetables, vegetable dishes, tea, coffee, fruit, wholegrain breads, and breakfast cereals) was inversely associated with total body BMC, whereas high consumption of legumes, seafood, seeds, nuts, wine, rice and rice dishes, and other vegetables and vegetable dishes and low consumption of bacon and ham was directly associated with regional BMD and total BMC. This study provides evidence that will contribute to potential food-based strategies for improving bone health and supporting evidence of a detrimental effect of energy-dense, nutrient-poor dietary patterns in bone health.
